Controlling the temperature in architectures involving nanoparticles and substrates is a key issue for applications involving micro and nanoscale heat transfer. We study the thermal behavior of a single nanoparticle interacting with a flat substrate under external monochromatic illumination, and with thermal radiation as the unique heat loss channel. We develop a model to compute the temperature of the nanoparticle, based on an effective dipole-polarizability approach. Using numerical simulations, we thoroughly investigate the impacts of various parameters affecting the nanoparticle temperature, such as the nanoparticle-to-substrate gap distance, the incident light wavelength and polarization, or the material resonances. This study provides a tool for the thermal characterization and design of micro or nanoscale systems coupling substrates with nanoparticles or optical antennas.
I. INTRODUCTION
The impact of a Continuous-Wave (CW) illumination on the temperature of a nanoparticle (NP) has been the subject of much research in the last decade [1] [2] [3] [4] . These researches consolidate the actual efforts aiming to evaluate and/or to optimize the potential use of NPs for photothermal therapy or photothermal imaging [5, 6] , and light-assisted nanomaterial growth [7] .
The illumination obviously causes heat deposition inside the NP. Thermal radiation is a heat loss channel to be considered in addition to thermal conduction and thermal convection. This heat loss channel is influenced by spectral resonances, as experimentally verified, similar to those present in absorption or scattering spectra [8] . A super-Planckian emission behavior is also theoretically speculated to occur for an individual NP at the resonance wavelength [9] .
The radiative heat transfer between a single nano/micro-particle and a plane surface has been extensively investigated [10] [11] [12] [13] [14] [15] . The scattering of light by a nano/micro-particle placed in front of a substrate has also attracted particular interest [16] . This has helped in understanding the signals obtained with thermal infrared near-field spectroscopy (TINS) [17] and thermal radiation scanning tunneling microscopy (TRSTM) [18] . In these experimental techniques, a tip interacting with the surface scatters the evanescent electromagnetic waves.
The heat generated inside the NP by an external illumination scales with the ability of the NP to absorb the incoming light. The knowledge of the absorption efficiency of the NP is necessary for such kind of problem. Diverse numerical electromagnetic methods are suitable * houssem.kallel@univ-poitiers.fr; houssem.kallel@yahoo.fr † remi.carminati@espci.fr ‡ karl.joulain@univ-poitiers.fr for the computation of the optical response of a single NP in the presence of a substrate such as the Discrete Dipole Approximation with Surface Interaction (DDA-SI) [19] [20] [21] , the Boundary Element Method (BEM) [22] , and the generalized Mie theory (T-matrix method or exact multipole expansion method) [23] [24] [25] [26] [27] . Approximate methods, with considerably less computational resource requirements, can also be used, for example, the image dipole approach [28] and the effective (or dressed) polarizability approach [16, 29] . The main objective of this work is to study quantitatively the influence of a CW-illumination on the temperature of a NP above a substrate in the presence of radiative heat losses from the NP to its surrounding medium, which, ideally, should be the vacuum. We develop an effective polarizability approach to evaluate the absorption efficiency of a NP interacting with a flat surface. We analyze different parameters that can influence the temperature of the NP, and discuss two kinds of NPs which substantially differ in terms of their optical absorption.
The paper is organized as follows. We describe the problem and detail the procedure used for the calculation of the NP temperature in Sec. II. In Sec. III we analyze the absorption efficiency of the NP, present numerical calculations of its temperature, and investigate the influence of the substrate and the NP material. In Sec. III we compute the intensity of the external illumination that produces a heating of the NP up to its melting point. Finally, we summarize the main results in Sec. IV.
II. STATEMENT OF THE PROBLEM AND SOLUTION METHOD
We study a system made of an individual spherical NP of radius R, located at a distance z 0 from the surface of a flat substrate, as shown in Fig. 1 . Heat transfer between the NP and its environment is assumed to be dominated by radiation, which occurs for a NP in a vacuum (or in a gas at sufficiently low pressure [11] ), the environment being connected to a thermal bath of temperature T b . The NP is illuminated in steady-state by an external laser beam, modelled as a monochromatic plane wave with wavelength λ. The incident wave vector k inc lies in the xz plane, and makes an angle θ with respect to the normal of the substrate surface.
FIG. 1.
Geometry of the system and definition of the parameters. The NP placed in front of a flat substrate is heated by an external plane wave, and exchanges heat with the environment at temperature T b through radiation channel only.
Our goal is to compute the temperature T of the NP in a steady-state. We assume that the temperature inside the NP is uniform. Refering to the principle of energy conservation, the power absorbed by the NP equals the difference between the power P rad (T ) thermally emitted by the NP at temperature T and the power emitted by the NP at the bath temperature T b :
The power absorbed by the NP is connected to the incident power carried by the external beam by the relation
where Q abs is the absorption efficiency, a dimensionless quantity defined as the ratio of the absorption cross-section C abs and the geometrical cross-section C geo = πR 2 of the NP, and I inc is the intensity (power density or irradiance) of the external light beam. The power thermally emitted by the NP at temperature T is [30] :
where h is Planck's constant, c is the speed of light in vacuum, and k B is Boltzmann's constant. A fundamental result in radiation transfer states that the thermal emissivity e λ and the absorption efficiency Q abs of the NP are equal [30] . Using this result, and inserting definitions (2) and (3) into Eq. (1), we obtain the equation governing the NP temperature T at the steady state:
where we have used the notations C 1 = 8πhc 2 , C 2 = hc/k B for constants, and I rad (T b ) = P rad (T b ) /C geo refers to the power density emitted by the NP when just starting the illumination, i.e. at the bath temperature T b . We have supposed that the polychromatic light radiated by the NP (i.e. the thermal radiation) depends on the polarization β and the angle of incidence θ of the external illumination.
For an incident illumination with fixed wavelength λ, polarization β, angle of incidence θ, and power density I inc , the steady-state temperature T can be obtained numerically by solving Eq. (4) using incremental-iterative procedure with adaptive stepsize dT. The initial guess value used to start the iterative process has been chosen close to T b . We analytically calculated the NP absorption efficiency Q abs using an effective electric-dipole polarizability model (see Supplemental Material for full details [31] ). This approach, in which the NP is treated in the electric-dipole approximation, requires a minimum gap distance z 0 = 2R [16] . The scattering problem of a NP above a substrate is thus reduced to that of a NP with a dressed polarizability in a vacuum without a substrate. This fact justifies the use in our problem of the equality e λ =Q abs which is already established for a NP placed alone in a vacuum environment (see Sec. 4.7 of reference [30] ). In the numerical analyses presented below, we use a NP diameter 2R = 50 nm, and we assume that the NP does not undergo morphological changes [32] during the illumination. The bath temperature T b is taken as a constant, unaffected by the heat dissipated from the NP into the surrounding medium, or by the external light absorbed by the substrate.
III. NUMERICAL RESULTS AND DISCUSSION
A. Absorption efficiency of the NP The calculation of the temperature first requires an analysis of the absorption by the NP in front of a flat substrate. In Eq. (4), the only physical quantity that describes the electrodynamic response of the NP is the absorption efficiency Q abs , that can be determined using an effective polarizability approach. In this approach, scattering and absorption of light by the NP in the presence of a substrate is described using a dressed polarizability, such that the induced dipole in the NP is proportional to the exciting field, the latter being defined as the field in the presence of the substrate but in absence of the NP. This way of modeling the problem leads to an analytic expression for Q abs , which is appealing both for physical discussions and for a reduction of computer time.
We consider here a gold NP above a gold substrate. The dielectric function of gold is described using a dispersion model that accounts for the temperature dependence, and for the finite size of the NP [4] . The details of the model are outlined in the Supplemental Material [31] . We set the temperature of the substrate at T b = 300 K, and choose an angle of incidence θ= 45
• . The absorption efficiencies are calculated both for an incident electric field perpendicular to the plane of incidence (TEpolarized light), and for an incident electric field parallel to the plane of incidence (TM-polarized light). • and substrate temperature T b= 300 K. Fig. 2 shows 2D maps of Q abs , plotted as a function of the wavelength of the incident light λ and the NPto-substrate gap distance z 0 for three temperatures of the NP. The maps for TE-polarized incident light, presented in Fig. 2(a) , exhibit resonance branches including relatively high efficiencies. The maps in Fig. 2(b) , corresponding to TM-polarized incident light, are characterized by a quasi-uniform color for each wavelength all over the range of gap distances that has been studied. For both polarizations, the highest efficiencies are achieved in the UV range (λ 350 nm) and around the surface plasmon resonance (SPR) (λ ≃ 506 nm). We point out that increasing the NP temperature has only one effect, which is the decrease of the efficiencies around the SPR. For instance, while the NP is heated up to 1200 K, the maximum efficiency at the SPR drops down to about 2.6 for TE polarization, corresponding to a decrease on the order of 30 %. The decrease in efficiency due to the temperature is spectrally restricted to a narrow wavelength range around the SPR. This result is the same as that observed for a Au NP in free space. It should be noted that the absorption efficiency at the SPR in this case is significantly lower than the maximum value recorded in the presence of the Au substrate. In vacuum, Q abs at the SPR reaches a value of approximately 0.8 for a NP temperature of 1200 K (see Supplemental Material Fig. S2 [31] ). Therefore, the presence of the Au substrate generates a several fold increase in the absorption efficiency, producing a substantial antenna effect such that Q abs > 1, or equivalently C abs > C geo .
The origin of the different features observed in the maps in Fig. 2 can be analyzed in more detail. According to its definition, the absorption efficiency is not only a function of the effective polarizability α E eff , but of the exciting field E exc as well (see Supplemental Material Eqs (S15)a, (S15)b, and (S5) [31] ). The effective (or dressed) polarizability includes a modification to the original polarizability of the NP in free space. The correction term is proportional to the reflected part of the Green tensor ↔ G E refl which can be expressed as a sum over propagating and evanescent plane waves (see Supplemental Material Eqs (S6),(S12)a, and (S12)b [31] ). The evanescent waves are expected to contribute significantly in the regime z 0 /λ ≪ 1 (keeping in mind that the shortest distance z 0 = 2R). For the whole spectral range 250-1050 nm, the absorption efficiencies of the spherical Au NP above the Au substrate do not show any significant changes at short distances (slightly larger than 50 nm), regardless the polarization of the incident field. Changes are expected to appear for Au NP with smaller diameter (probing fields at shorter distances to the surface) or for other kind of NP with the same diameter, but with spectral resonances occuring at longer wavelengths. Actually, in the range of parameters considered here, the absorption of light by the NP above the substrate is weakly affected by the change in the polarizability (using the bare polarizability instead of the effective polarizability would hardly change the results). Since the bare polarizability is polarization-independent as the NP has a spherical shape, the most efficient absorption occurs at the same spectral ranges irrespective to the polarization, as seen in Fig. 2 . Over these spectral ranges, the Au NP alone already exhibits an efficient absorption (see Supplemental Material Fig. S2 [31] ).
In addition to the effective polarizability, the absorption also depends on the exciting field. This field corresponds to the sum of the incident field and the field reflected by the flat surface (see Supplemental Material Eqs (S13)a, (S16)a, (S16)b, (S17)a, and (S17)b [31] ; see also Fig1). We plot in Fig. 3 the intensity of the exciting field above the Au substrate in two dimensional color maps, considering the same spectral and gap distance ranges as in Fig. 2 . The map in Fig. 3(a) for TE polarization of the incident light shows branches asso- ciated with relatively intense exciting fields, while the map in Fig. 3(b) for TM polarization reveals a constant field intensity over the full range of distances for a given wavelength. These features are similar to those observed in the maps of Q abs in Fig. 2 . This similarity indicates that the absorption efficiency of the NP above the substrate is strongly modulated by the intensity of the exciting field, the modulation being observed only in the spectral range where the NP has a non-negligible absorption. The invariance of the field intensity with respect to the distance z 0 for fixed wavelength, revealed in the map in Fig. 3(b) , is not a general behavior in TM polarization, but is specific to the incidence angle θ= 45
• . In the most general case, the field intensity map for TM polarization contains branches similar to that observed for TE polarization. The branches of the (λ,z 0 ) map in Fig. 3(a) are aligned along straight thick lines. Thus, intense exciting fields are obtainable for particular (λ,z 0 ) couples. The linear form of the branches results from the necessary condition for constructive interference between the incident and reflected fields. We refer to these branches as resonance branches. The mean slope of each resonance branche is shown as solid white line in the map in Fig. 3(a) using the following approximate formula (2π/λ) cos θ (2z 0 ) + π = m 2π where m is a positive integer that refer to each branch. The intensity between two successive resonance branches can drop down to nearly zero, which indicates the occurrence of destructive interference. Note that the interference pattern explored here is specific to the Au substrate. The pattern may change substantially for another substrate material. In summary, the results and the discussion above show that the NP absorption efficiency is strongly influenced by the exciting field, and can be tuned by changing either the NP-to-substrate gap distance or the incident wavelength.
B. Steady-state temperature of the NP
In this section, we present results of numerical calculations of the NP temperature based on Eq. (4). We compute the steady-state temperature for a Au NP with diameter 2R = 50 nm placed above a Au substrate, under CW illumination at a wavelength λ with an intensity (power density) I inc = 1 mW.cm −2 . As will be shown later, this low intensity value ensures that the NP temperature remains below the melting point. For the problem discussed here, we can find that the thermal resistance by radiation Z rad = ∆ T /(P rad (T ) − P rad (T b ))= ∆ T /(Q abs I inc πR 2 ) ≈ 1.27 10 17 ∆ T (in Kelvin/Watt). It is worth to mention that regardless of the value of ∆ T (> 1 K), the value of Z rad is always much smaller than the thermal resistance by conduction inside the NP Z cond ≈ 1/(2 κ Au R)= 6.3 10 4 Kelvin/Watt (κ Au =317 W/(m.K) at T = 300 K [33] ). This is perfectly consistent with the assumption that the temperature inside the NP is uniform. Figure 4 presents maps of the NP temperature versus the excitation wavelength λ and the gap distance z 0 for both incident polarizations. The 2D map in Fig. 4(a) , corresponding to TE polarization, exhibits branches with relatively high temperature values ranging from T ∼1000 K to T ∼1200 K, while for TM polarization, the 2D map in Fig. 4(b) shows that a given incident wavelength produces a NP temperature insensitive to the gap distance z 0 . These results follow naturally from the behavior of the absorption efficiency and of the exciting field intensity discussed in Figs. 2 and 3 , respectively. Although the NP temperature is directly related to the intensity of the exciting field at a given wavelength λ and at a given gap distance z 0 , the relation is not a simple proportionality factor. Indeed, an intense exciting field does not necessarily coincide with a high temperature value. For instance, the couples (λ,z 0 ) in the map in Fig. 4(a) giving a high temperature (regions in darkred color) do not all correspond to regions in the map in Fig. 2(a) for which the absorption efficiency is large. For example, when the NP is very close to the surface (z 0 ≃ 50 nm), a relatively low value of Q abs can give rise to a relatively high temperature. Most often, however, when the absorption of the external illumination by the NP is so strong (i.e. high Q abs value), the temperature achievable by the NP is so high, and vice versa.
To go further in the analysis, 1D spectra are displayed beside the 2D maps in Fig. 4 . For instance, beside the map in Fig 4(a) the solid grey curve shows that the NP temperature oscillates with the incident wavelength λ for a fixed gap distance z 0 =600 nm. One observes three temperature minima for different incident wavelengths. Furthermore, the solid dark-red curve beside the same map shows the temperature for a fixed wavelength λ = 500 nm, indicating that the NP temperature exhibits maxima and minima when varying the gap distance z 0 . The same curves plotted beside the map in Fig. 4(b) are mainly featureless, and show relatively lower values of the temperature. Thus, with the angle of incidence chosen here, it is much easier to tune the temperature of the NP under TE illumination. Also note that for a given geometry and excitation wavelength, it is possible to cool or heat the NP by changing the polarization of the incident light. Again, these observations follow naturally from the behavior of the absorption efficiency of the NP and of the intensity of the exciting field above the substrate (see Figs 2 and 3 ).
Influence of the substrate
It is interesting to discuss how the substrate influences the NP temperature. For the sake of comparison with the Au substrate studied so far, we consider a SiO 2 substrate. In the calculation, the dielectric function for bulk SiO 2 is taken from Ref. [34] and interpolated to cover all wavelengths of interest. All other parameters are kept identical to those used in the study with the Au substrate.
Au
e SiO e In Fig. 5 , we plot the 2D maps of the NP temperature for the case of a SiO 2 substrate (right panel), for TE and TM polarizations of the incident field. For convenience, we have replotted the data for the Au substrate (left panel). The features in the maps for both cases are similar in terms of the appearance of branches specific to each polarization. For TM polarized light, the SiO 2 substrate produces much higher temperatures in the UV range (λ 350 nm) compared to the Au substrate. For TE polarized light, the resonance branches in the maps are less distinguishable with the SiO 2 substrate. As we pointed out earlier, the steady-state temperature depends on the absorption efficiency of the external illumination by the NP Q abs , which in turn is highly linked to the intensity of the exciting field above the substrate (i.e. the sum of incident and reflected fields in vacuum). For that reason, in order to understand the differences observed in the 2D maps we must examine the intensity of the exciting field above the SiO 2 substrate. We plot in Fig. 6 the corresponding 2D maps for both kinds of polarization. The map 6(a) for TE polarization shows branches comprising high intensity values (∼ 1.6), which are however lower than those included in the branches of the map 3(a) of the gold substrate. Contrary to the case of gold substrate, we also remark that between two successive branches the exciting field intensity does not go down to zeros but to around 0.5. This reduced visibility of branches is that of the interference pattern above the substrate, which can be explained by the fact that over the studied wavelength range the SiO 2 substrate is considerably less reflective than the gold substrate. It clearly explains why the distinction between branches in the temperature map is less easy for SiO 2 substrate case. The map 6(b) for TM polarization reveals that the intensity of the exciting field above the SiO 2 substrate is practically equal to the intensity of the incident field whatever the incident wavelength and the NP-to-substrate gap distance. This result implies that the absorption efficiency spectrum corresponds to that of the NP in vacuum without substrate (see Supplemental Material Fig. S2) . Thus, the absorption is much stronger in UV range, which allows the achievement of highest temperature values in that wavelength range. 
Influence of the NP material
One can also expect the temperature to be strongly dependent on the NP material, in particular due to changes in the absorption resonance spectrum. It is interesting to study NPs exhbiting surface phonon polariton resonance (SPhPR) in the mid-infrared (MIR) spectral region [35] , such as a NP made of SiC in the presence of a SiC or SiO 2 substrate. To perform the calculations, we have used bulk dielectric functions for both the NP and the substrate. The data are taken (and interpolated) from the temperature-dependent data calculated by Meneses et al. from spectral reflectance measurements [36, 37] (see Supplemental Material Figs S5(a) and S6(a) [31] ). All other parameters are the same as in the previous calculations with the Au NP. We show in Fig. 7 maps of the temperature of a SiC NP versus the gap distance z 0 and the excitation wavelength λ above a SiC substrate (left) and a SiO 2 substrate (right), and for TE (top) and TM (bottom) incident polarizations. All maps display an increase in temperature in a narrow spectral range, corresponding to the SPhPR (∼10.7 µm). Outside the resonance, the temperature remains close to the bath temperature (≃ 300 K). This behavior is very different from that observed for the Au NP (see Figs 4 and 5) , where a significant increase in temperature occurs over a broader range of wavelengths. For the SiC NP, the absorption spectrum is characterized by a sharp peak associated with the SPhPR (see Supplemental Material Fig. S5(b) ), which explains the thermal behavior. Moreover, the maximum temperature increase is ∼45 K, which is significantly lower than the value ∼900 K obtained with the Au NP (see Fig. 4 or Fig. 5 ). Although not shown for the sake of brevity, for a SiC NP (with temperature T= 300 K) placed above a SiC substrate, the absorption efficiency under TE polarized illumination reaches a maximum value ∼2 at large gap distances. This value is comparable to the maximum efficiency value of ∼2.6 achieved at SPR with a Au NP of temperature T= 1200 K placed above a Au substrate (see Fig. 2) . The difference in temperature increase between SiC and Au NP is thus due to the spectral range at which the thermal emission occurs. The spectral range of the thermal emission process is driven by Plank's function [see Eq. (3)], with larger values in the MIR than in the visible. As a consequence, for a SiC NP, a little increase in temperature allows to completely dissipate the absorbed power (see Eq. (1)).
Let us now examine the absorption behavior at smaller gap distances. The inset of each map in Fig. 7 depicts a zoom around the SPhPR for distances z 0 < 210 nm. We see that for the SiO 2 substrate (right panel) the absorption does not undergo any change even at short distance. However, for the SiC substrate (left panel), slight changes are observed at distances smaller than 100 nm. In fact, the spectral position of the NP temperature peak (shown in dark-red on the 2D map) shifts smoothly towards longer wavelength with the moving of the NP closer to the substrate surface. This shift is a result of the interaction between two spectrally close optical resonances (surface phonon polaritons resonances), the optical resonance of the SiC NP and that of the SiC substrate. This near-field optical interaction affects the NP temperature through the modification of the absorption efficiency of the external illumination by the NP. The probing of such interaction here at NP-to-substrate gap distance larger than 50 nm (in contrast to the case of gold NP above a gold substrate) can be directly related to the fact that the absorption spectrum (as well as the thermal emission spectrum) of the SiC NP is located at the mid-infrared, which renders the near-field regime well-satisfied (z 0 /λ ≪ 1). Finally, let us note that the SiC NP temperature is weakly dependent on the polarization of the incident light in the range of parameters considered here.
C. Critical melting intensity for a Au NP
The steady-state temperature of the NP depends directly on the incident intensity (power density) I inc (see Eq. (4)). The approach presented in section II applies only to temperatures below the NP melting point. The enthalpy of fusion should be taken into account in Eq. (4) for higher temperatures [32, 38] . Moreover, the dielectric function data used in the numerical simulations are valid for the solid phase only. In particular, the dispersion data used for the dielectric function of Au describe exclusively the temperature dependence for solid Au [4] (see Supplemental Material for details about this model [31] ). To determine the range of validity of the model, it is necessary to evaluate the critical intensity that brings the NP temperature up to the melting point. This calculation is interesting as well from the point of view of thermal management, since it will show that the substrate and the incident wavelength substantially change the critical intensity. . The NP diameter is 2R = 50 nm, the substrate temperature is T b = 300 K, and the incident wave is at normal incidence (θ= 0
• ).
We have chosen to consider the case of a Au NP with diameter 2R = 50 nm above a Au substrate, and an illumination at normal incidence. With this illumination, the TE and TM polarizations are equivalent, and the absorption efficiency Q abs is independent on polarization. We set the NP temperature T equal to the melting temperature of the Au NP, using T = 1337 K that corresponds to bulk Au [39] . The temperature of the substrate is T b = 300 K.
In Fig. 8 , we plot the decimal logarithm of the critical intensity (in unit mW.cm −2 ) versus the incident wavelength λ and the gap distance z 0 . The intensity values range from a few mW.cm −2 to about 10 4 W.cm −2 . This shows that for a Au NP and a Au substrate, keeping the incident intensity to a value I inc = 1 mW.cm −2 , as has been done throughout this study, prevents the NP temperature to reach the melting point for all the explored values of (λ,z 0 ). The highest observed critical intensity (∼10 4 W.cm −2 ) is lower than the critical intensity calculated for a Au NP of the same size in air in free space, the values of I inc in this varying approximately between 3.10 4 and 3.10 7 W.cm −2 (see Supplemental Material Fig. S7 [31] ). Setoura et al. [40] found that a CW laser at 488 nm with an intensity of 2.10 5 W.cm −2 increases the temperature of a Au NP of 100 nm diameter in air supported on glass substrate up to ∼ 600 K. The NP temperature is estimated from dark-field light scattering measurements. It should be noted that a value of I inc ∼5.10 5 W.cm −2 is theoretically sufficient to heat a 50 nm diameter Au NP in air up to its melting point.
IV. CONCLUSION
In summary, we have developed a model to calculate the steady-state temperature of a single NP above a flat substrate under CW external illumination, and with thermal radiation as the only heat loss channel. The interaction between the NP and the substrate is described using an effective electric-dipole polarizability. We showed that the absorption of the Au NP, which exhibits SPR in the visible range, depends on the exciting intensity pattern generated above the substrate by the interference between the incident and reflected waves. Interestingly, the Au NP temperature exhibits interference modulations while varying the NP-to-substrate gap distance or the wavelength of the incident light. The temperature increase is tunable by either changing the incident-light polarization, or the substrate, two parameters that control the interference modulations. In contrast, for SiC NP which supports SPhPR in the mid-infrared, we find that the temperature is weakly dependent on the gap distance, the polarization, or the substrate, in particular for distances smaller than 1 µm. To increase the temperature of such NP, the wavelength of the incident light must be selected to match the SPhPR. This model provides a tool for the thermal characterization of micro or nanoscale architectures involving flat substrates and NPs or optical antennas. Further development could include an additional conductive heat loss channel between the NP and the substrate, and work in this direction is in progress.
